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1.  MOTIVATION  AND  OBJECTVIES 


Aluminum  and  its  alloys  are  one  of  the  most  promising  metallic  materials  to  reduce  the 
weight  of  a  mobile  metal  product,  which  is  necessary  for  minimizing  the  CO2  emission  and 
maximizing  fuel  efficiency1.  Nevertheless,  due  to  the  high  reactivity  of  aluminum  with  oxygen 
and  corrosive  media,  the  application  of  aluminum  can  be  restricted  or  some  surface  treatments  to 
improve  the  corrosion  resistance  are  required  in  some  environments.  Various  strategies  to  prevent 
or  mitigate  the  aluminum  corrosion,  such  as  cathodic  protection,  electroplating,  conversion  coating, 
anodizing,  and  polymer  coating,  have  been  widely  demonstrated2  7.  Among  these  techniques, 
anodizing  (or  anodic  oxidation)  is  regarded  as  one  of  the  most  effective  methods  to  protect 
aluminum  from  corrosion  by  forming  an  oxide  passivation  layer  on  top  of  the  aluminum  surface. 
However,  since  the  anodic  aluminum  oxide  (AAO)  layer  is  composed  of  a  thin  barrier  layer 
followed  by  a  thick  porous  layer8'10,  the  thick  porous  layer  with  high-aspect-ratio  cylindrical  pores 
is  prone  to  absorb  and  retain  corrosive  media  within  the  pores11'13.  Thus,  various  methods  have 
further  been  proposed  to  effectively  seal  the  pores  so  that  the  corrosive  media  may  not  attack  the 
thin  barrier  layer  and  penetrate  the  underlying  metal  surface. 

Recently,  hydrophobic  coatings  on  textured  hydrophilic  metallic  surfaces  have  been  shown 
to  improve  corrosion  resistance,  making  the  surfaces  superhydrophobic14'18.  Such  a 
superhydrophobicity  allows  the  surface  to  minimize  the  contact  area  with  a  corrosive  liquid,  thus 
the  absorption  of  the  corrosive  medium  into  the  solid  surface  can  be  significantly  impeded14, 19. 
However,  there  remain  several  issues  in  using  superhydrophobic  surfaces  for  anti-corrosion.  First, 
the  entrapped  air  in  the  hydrophobic  structures  is  prone  to  be  depleted  due  to  thermodynamic  and 
hydrodynamic  effects,  which  cause  the  loss  of  the  underlying  air  layer.14,2"  In  addition,  the  air- 
entrained  composite  interface  can  be  broken  easily  or  collapsed  by  localized  damages,  resulting  in 
exposure  of  the  metallic  surface  to  the  outer  corrosive  environment,  typically  without  any  self¬ 
repairing  capability  against  the  loss  of  air.  In  particular,  fractured  surfaces  such  as  cracks,  which 
are  generated  by  vibration  or  thermal  shock,  are  no  longer  hydrophobic,  thus  are  prone  to  serve  as 
penetration  paths  of  corrosive  medium  toward  the  metallic  substrate.12,21  This  issue  is  not  limited 
to  the  air-entrained  hydrophobic  surface,  but  also  is  a  general  problem  for  nanoporous  AAO  layer 
sealed  with  oxide  materials.1 1,22 

Oil-impregnated  surfaces,  partly  inspired  by  nature’s  Nepenthes  pitcher  plant,  have 
recently  been  considered  as  a  promising  technology  for  multi-functional  surfaces,  having  water- 
repellency,  anti-icing,  and  anti-fouling  capabilities. 23-29  Such  an  oil-infused  surface  forms  a 
solid/oil/water  composite  interface  unlike  the  conventional  superhydrophobic  surface  forming  a 
solid/air/water  interface.30-  Impregnated  oil  not  only  minimizes  the  direct  contact  of  water  with 
the  solid  structures,  but  also  has  fluidity  owing  to  the  nature  of  oil,  thus  can  allow  unique  self¬ 
cleaning  and  healing  properties.24,33-36  In  addition,  the  oil  has  thennodynamically  and  energetically 
more  favorable  affinity  to  a  hydrophobic  surface  than  water  so  that  if  oil  is  impregnated  into  the 
properly  textured  (e.g.,  nanostructured)  hydrophobic  surfaces,  it  will  be  kept  stable  and  protect  the 
surface  from  water  or  moisture  more  efficiently  than  conventional  (air-impregnated) 
superhydrophobic  surfaces. 

The  main  objective  of  this  project  has  been  to  investigate  how  the  oil  impregnated  in  the 
nanopores  of  anodic  aluminum  oxide  would  affect  the  corrosion  resistance  of  aluminum  and  self- 
healing  capability.  Figure  1  illustrates  the  key  idea  proposed  in  this  research,  i.e.,  employing  oil 
instead  of  air  for  the  interfacial  water-repelling  and  corrosion-preventing  layer.  The  oil  completely 
impregnated  in  the  nanopores  of  anodic  oxide  layer  not  only  improves  the  corrosion  resistance  to 


corrosive  media  but  also  automatically  covers  the  exposed  metallic  aluminum  surface  by  the 
presence  of  surface  damage,  so  that  the  surface  has  an  exceptional  corrosion  tolerance  to  physical 
damage  and  defects  on  the  surface.  To  fully  impregnate  oil  into  the  high-aspect-ratio  dead-end 
nanopores  of  the  anodized  oxide  layer  of  aluminum,  we  have  developed  a  “solvent  exchange 
method,”  which  involves  sequential  exchange  of  solvents  to  ensure  that  the  oil  is  fully  infused  into 
the  pores.  Moreover,  to  facilitate  the  oil  impregnation,  we  have  made  the  AAO  surface 
hydrophobic.  Due  to  the  higher  affinity  of  oil  with  the  hydrophobic  surface,  the  oil  impregnated 
into  the  hydrophobic  AAO  layer  is  kept  stable  and  can  protect  the  surface  from  the  aqueous 
corrosive  media  in  a  more  efficient  and  durable  way  than  air-impregnated  hydrophobic  surfaces. 
Then,  we  have  investigated  the  corrosion  inhibition  properties  of  the  oil-impregnated  AAO  layer, 
and  compared  with  the  conventional  air-impregnated  AAO  layer.  Furthermore,  we  have 
demonstrated  superior  durability  and  self-healing  capability  of  the  completely  oil-impregnated 
AAO  layer  enabled  by  the  solvent  exchange  method. 

Hydrophobic  AAO  Oil-impregnated  AAO 


Figure  1.  Paradigm  shift  from  conventional  “air”-entrained  hydrophobic  surfaces  to  novel  “oil”- 
impregnated  water-repelling  surface  and  the  self-healing  mechanism  of  oil-impregnated  anodic  aluminum 
oxide  (AAO). 


2.  RESULTS  AND  DISCUSSION 

2.1.  Fabrication  of  oil-impregnated  nanoporous  oxide  layer  using  solvent  exchange  method 

The  fabricated  AAO  surface  with  cylindrical  nanopores  produced  by  anodization  is  shown 
in  Figures  2a-d.  Highly-ordered  AAO  nanopore  structures  with  pore  diameter  of  70  nm  and  pore 
depth  of  500  mu  were  created  on  the  aluminum  substrate  by  the  anodization  process.  The  scanning 
electron  microscope  (SEM)  images  of  the  AAO  surface  before  and  after  the  spin-coating  of  Teflon 
(Figures  2b  and  2d)  do  not  show  any  significant  difference  in  pore  size.  Considering  the  resolution 
of  the  SEM  (~5  nm),  the  insignificant  difference  indicates  the  coating  thickness  of  the  Teflon  onto 
the  AAO  surface  could  not  be  more  than  5  mu,  which  agrees  well  with  the  measurement  by 
ellipsometry  (film  thickness  of  ~2  nm)  conducted  on  a  smooth  silicon  surface. 

The  apparent  contact  angles  of  oil  droplets  (~3  pi)  on  various  surfaces  such  as 
electropolished  (bare)  aluminum  (Al),  Teflon-coated  aluminum  (T-Al)  after  the  electropolishing, 
anodic  aluminum  oxide  (AAO),  and  Teflon-coated  AAO  (T-AAO)  surfaces  are  presented  in 
Figure  2e.  The  Krytox  GPL  100  oil  has  a  low  surface  tension  (16-20  mN-m'1),  thus  spreads  over 
the  Al  and  AAO  surfaces  relatively  easily,  and  exhibits  low  contact  angles  of  22±3°  and  19±3°, 
respectively.  In  the  presence  of  the  hydrophobic  Teflon  coating  on  top  of  the  surfaces,  the  contact 
angles  of  oil  droplets  were  decreased  to  4±1°  and  5±1°  for  the  Teflon-coated  Al  (T-Al)  and  AAO 


(T-AAO),  respectively.  The  reduced  contact  angles  of  oil  on  the  Teflon-coated  surfaces  indicate 
better  affinity  and  wettability  of  the  perfluorinated  oil  on  the  Teflon-coated  hydrophobic  surfaces 
than  on  a  bare  aluminum  or  aluminum  oxide  surfaces.  In  addition,  since  the  Teflon-coated  AAO 
layer  has  the  disconnected  dead-end  nanopores  (70  nm  in  diameter)  and  good  affinity  with  the 
perfluorinated  oil,  the  capillary  force  maintaining  the  oil  inside  of  the  nanoscale  dead-end  pores 
should  be  extremely  large,  which  enables  the  AAO  layer  to  strongly  retain  the  oil  within  the  poresr. 
The  high-aspect-ratio  dead-end  nanoporous  geometry  also  contributes  to  a  disjoining  pressure 
causing  the  oil  in  the  pores  to  be  under  negative  pressure,  so  that  the  evaporation  of  oil  can  be 
impeded  in  the  nanopores  of  the  AAO  layer.38 


T-AAO 


Figure  2.  SEM  images  of  (a)  the  cross-section  and  (b)  the 
top  view  of  the  AAO  layer  before  Teflon  coating,  and  (c) 
the  cross-section  and  (d)  the  top  view  of  the  AAO  layer  after 
Teflon  coating,  respectively,  (e)  Apparent  contact  angles  of 
oil  droplets  (Krytox  GPL  100)  on  the  bare  AAO  and  the 
Teflon-coated  AAO  (T-AAO)  compared  to  bare  aluminum 
(Al)  and  the  Teflon-coated  aluminum  (T-Al). 


Despite  the  good  wettability  of 
oil  on  the  Teflon-coated  AAO  surface, 
it  is  not  guaranteed  that  the  oil  will 
fully  replace  the  air  residing  in  the 
pores  and  penetrate  to  the  bottom  of 
the  pores  because  of  the  high-aspect- 
ratio  dead-end  geometry  of  the  pores 
and  the  low  air  solubility  of  oil.39'41  To 
address  this  issue,  we  have  developed 
a  solvent  exchange  method  that  allows 
the  complete  penetration  of  the  oil  into 
the  pores.  This  method  involves 
sequential  exchange  of  solvents, 
starting  from  ethanol,  which  can  easily 
penetrate  the  pore  owing  to  its  low 
surface  tension  and  low  Henry’s  law 
constant.  Then,  the  ethanol  is  replaced 
with  Vertrel  XF,  which  is  miscible 
with  both  the  ethanol  and  the  oil 
(Krytox  GPL  100).  Finally,  Vertrel 
XF  is  replaced  with  oil  so  that  the 
pores  contain  only  the  oil. 

To  verify  the  full  imbibition  of 
the  oil  in  the  nanopores  of  the  AAO 
layer,  we  have  mixed  curable 
photoresist  solution  into  Vertrel  XF 
(solvent  for  oil)  so  that  the  solution 
can  be  solidified  and  thus  can  be 
visualized  with  SEM.  Figure  3  shows 
the  SEM  images  of  the  cross-sections 
of  the  AAO  layers  after  imbibition  of 
the  Vertrel  XF-photoresist  mixture.  In 


the  case  of  the  Teflon-coated  AAO  with  no  oil  impregnation  (i.e.,  just  air-filled  empty  nanopores), 


llij 


Figure  3.  SEM  images  of  the 
cross-section  of  the  Teflon- 
coated  AAO  (T-AAO)  layers 
after  the  imbibition  test  of  the 
mixture  of  Vertrel  XF  and 
photoresist  polymer,  (a)  T-AAO 
with  empty  pores,  (b)  T-AAO 
with  oil  impregnation  by 
immersing  in  oil  for  24  hours,  (c) 
T-AAO  with  oil  impregnation  by 
immersing  in  oil  for  20  minutes 
with  ultrasonication.  (d)  T-AAO 
with  oil  impregnation  by  the 
solvent  exchange  method 
developed,  (e)  Schematic  of  the 
cross-section  of  the  completely 
oil-impregnated  Teflon-coated 
AAO. 


the  mixture  did  not  penetrate  the  pores  and  instead  the  solidified 
photoresist  material  only  covers  the  top  surface  of  the  AAO 
layer  (Figure  3a).  In  the  case  of  the  Teflon-coated  AAO  with 
oil  impregnation  achieved  simply  by  dipping  in  the  oil  for  24 
hours,  the  mixture  penetrates  the  pores,  but  air  still  remained  at 
the  bottom  of  pores,  indicating  that  the  oil  did  not  fully  penetrate 
the  pores  (Figure  3b).  Several  air  cavities  were  also  observed 
along  the  partially  filled  pores,  indicating  that  the  pores  were 
not  continuously  filled  by  the  oil.  The  ultrasonication  for  20 
minutes  was  also  applied  in  the  simple  dipping  process  to 
compare  with  the  solvent  exchange  method.  The  result  (Figure 
3c)  shows  the  ultrasonication  helped  the  mixture  to  penetrate 
more  into  the  pores.  However,  air  (despite  less  amount) 
remained  at  the  bottom  of  pores,  and  air  cavities  were  also 
observed  along  the  pores,  indicating  that  the  simple  dipping  was 
not  capable  of  continuous  and  full  infiltration  of  the  oil  into  the 
nanopores.  In  contrast,  in  the  case  of  the  Teflon-coated  AAO 
with  oil  impregnation  by  the  solvent  exchange  method 
developed  (Figure  3d),  the  photoresist  material  completely  fills 
the  nanopores  and  no  air  pockets  are  found  at  the  bottom  of 
pores,  implying  that  oil  completely  fills  the  pores  via  the 
solvent-exchange  method  (Figure  3e). 

2.2.  Corrosion  resistance  of  oil-impregnated  nanoporous 
oxide  layer  on  aluminum 

We  have  evaluated  the  anti-corrosion  performance  of 
the  oil-impregnated  Teflon-coated  AAO  (O-T-AAO)  surface 
using  electrochemical  impedance  spectroscopy  (EIS), 
compared  with  Al,  AAO,  T-AAO,  and  oil-impregnated  AAO 
(O-AAO)  surfaces.  Figures  4a  and  4b  first  show  the  impedance 
(|Z|)  and  phase  (°)  on  a  Bode  plot,  respectively,  obtained  using 
a  simplified  equivalent  circuit  as  shown  in  Figure  4c.  As  a  result 
of  the  model  fitting,  Rbamer  (resistance  of  a  barrier  layer)  and 
Cbarrier  (capacitance  of  a  barrier  layer)  of  the  surfaces  are  plotted 
as  shown  in  Figure  4d.  A  higher  value  of  Rbamer  implies  higher 
corrosion  resistance  to  the  corrosive  media  (1  M  HC1 
solution).43  From  the  fact  that  the  samples  used  in  this  work 
have  different  wettabilities,  the  different  Rbamer  values  result 
from  the  different  wetting  behaviors  of  the  corrosive  media  (1 
M  HC1  solution  in  water)  on  the  surfaces.  Imbibition  of  water 
into  the  bare  AAO,  which  is  hydrophilic,  is  much  easier  than 
with  the  hydrophobic  T-AAO.  Therefore,  the  pores  of  the  bare 
AAO  are  more  likely  to  be  filled  with  the  corrosive  media  than 
those  of  T-AAO,  giving  the  surface  a  greater  number  of 
corrosion  sites.  The  results  indeed  show  this  characteristic  since 
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=  1.97  x 
103  fTcm2).  Eventually, 
the  Rbanier  value  reflects 
how  many  pores  are 
filled  with  corrosive 
media,  implying  a 
resistance  against  the 
corrosion  under  the 
aqueous  environment. 

In  the  same 
manner,  a  higher  value 
of  capacitance  was 
obtained  by  the  greater 
area  of  corrosion 
reaction  (i.e.,  corrosion 
sites),  indicating  the 
lower  value  of  the 
resistance  of  the  bare 
AAO  as  a  barrier  layer. 
Meanwhile,  despite  the 
increase  of  the  area  of 
corrosion  sites  due  to  the 
porous  geometry,  the 
E-barrier  Value  of  AAO 
(3.45  x  103  flcm2)  was 
still  larger  than  that  of  A1 
(1.18  x  102  Ocm2), 
which  is  due  to  the 
passivating  oxide  layer 
in  the  case  of  AAO.  In 
the  case  of  O-AAO 
surface,  the  Rbanier  value 

was  1.23  x  10?  O  cm2,  which  is  also  much  greater  than  that  of  AAO  (3.45  x  103  O  cm2). 
Significantly  increased  Rbanier  by  the  oil  impregnation  into  bare  AAO  (O-AAO)  implies  that  the 
oil  should  be  entrained  in  the  pores  to  inhibit  the  penetration  of  corrosive  media  into  the  pores. 
However,  the  Rbanier  value  of  the  O-AAO  surface  (1 .23  x  105  O  cm2)  was  slightly  lower  than  that 
of  T-AAO  (1.97  x  105  O  cm2).  In  the  case  of  O-T-AAO,  the  Rbanier  value  was  most  significantly 
increased,  up  to  1.03  x  10  O  cm2,  which  is  two  orders  of  magnitude  higher  than  that  of  T-AAO 
or  O-AAO,  and  four  orders  of  magnitude  greater  than  that  of  the  bare  AAO.  This  result  indicates 
that  the  corrosive  media  is  fully  separated  from  the  AAO  surface  by  the  oil  layer  (O)  which  is  more 
stably  retained  on  the  surface  than  in  the  case  of  O-AAO,  due  to  the  hydrophobic  Teflon  layer  (T) 
pre-applied  on  the  AAO  surface.  The  result  also  indicates  that  the  hydrophobic  Teflon  coating  is 
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Figure  4.  Electrochemical  impedance  spectroscopy  (EIS)  measured  in  1 
M  HC1  solution,  (a)  Impedance  (\Z\)  and  (b)  phase  on  a  Bode  plot  for  bare 
aluminum  (Al),  anodic  aluminum  oxide  (AAO),  Teflon-coated  AAO  (T- 
AAO),  oil-impregnated  AAO  (O-AAO),  and  oil-impregnated  Teflon- 
coated  AAO  (O-T-AAO).  (c)  Equivalent  circuit  for  model  fitting,  (d) 
Resistance  and  capacitance  of  the  barrier  layer  for  each  surface  obtained 
from  the  model  fitting,  (e)  Potentiodynamic  polarization  curves  measured 
in  1  M  HC1  solution,  (f)  Corrosion  current  density  calculated  by  Tafel 
fitting  obtained  from  the  potentiodynamic  polarization  data. 


important  to  have  good  and  stable  oil  impregnation  into  the  pore  structures  of  the  AAO  layer.  Also, 
the  result  indicates  that  the  oil  layer  impregnated  in  the  case  of  the  O-T-AAO  surface  is  more 
effective  than  the  air  layer  impregnated  in  the  case  of  T-AAO  for  corrosion  inhibition. 

Anti-corrosion  performance  of  the  O-T-AAO  surface  was  further  evaluated  using  a 
potentiodynamic  polarization  method.  Figure  4e  shows  the  potentiodynamic  polarization  curves 
obtained  in  1  M  HC1  solution  and  Figure  4f  the  corrosion  current  densities  calculated  by  Tafel 
fitting44'45  of  the  obtained  curves.  The  O-T-AAO  shows  the  lowest  value  of  corrosion  current 
density,  up  to  6.25  x  10w  A  cm'2,  which  is  3.5  times  lower  than  T-AAO  (2.21  x  10'8  A  cm'2),  and 
three  orders  of  magnitude  lower  than  bare  AAO  (1.89  x  10"6  A  cm'2).  In  addition,  the  O-T-AAO 
shows  the  highest  IE  value,  up  to  99.99%,  which  implies  excellent  corrosion  resistance,  which  is 
attributed  to  the  superior  water  repellency  resulting  from  the  stable  oil  layer  impregnated  into  the 
hydrophobic  (i.e.,  Teflon-coated)  nanopores.  These  results  are  in  good  agreement  with  the  EIS 
results  where  the  highest  Rbamer  value  was  measured  for  O-T-AAO,  and  confirm  again  that  the  oil 
impregnated  nanopores  is  more  effective  to  inhibit  the  corrosion  than  the  air  impregnated 
hydrophobic  surface. 

2.3.  Self-healing  capability  of  oil-impregnated  nanoporous  oxide  layer  on  aluminum 

Surface  damage  of  a  coating  layer  is  regarded  as  a  fatal  issue  for  anti-corrosive  surface 
treatments,  including  anodization,  since  the  metal  surfaces  are  likely  to  be  exposed  after  being 
damaged.  In  this  regard,  developing  an  anti-corrosive  coating  that  can  autonomously  recover  the 
damaged  area  and  so  provide  an  anti-corrosion  capability  is  of  great  interest.  The  proposed  oil- 
impregnated  surface  allows  this  feature  as  the  impregnated  liquid  oil  can  immediately  flow  and 
cover  the  exposed  area  upon  damage.  To  evaluate  the  corrosion  tolerance  to  such  surface  damage, 
we  deliberately  created  cracks  in  the  AAO  layer  by  bending  the  AAO  samples  (T-AAO  and  O-T- 
AAO)  against  a  cylindrical  tube  (diameter  2  cm),  as  shown  in  Figure  5a.  The  cracks  in  the  AAO 
layer  cause  the  underlying  aluminum  substrate  to  be  exposed  to  the  external  environment  (Figure 
5b).  After  the  cracks  were  generated,  where  most  of  the  cracks  are  formed  perpendicular  to  the 
bending  direction,  the  samples  were  flattened  back.  As  shown  in  Figure  5c,  the  cracks  were  still 
evident  even  after  being  flattened  back,  causing  the  underlying  aluminum  substrate  to  be  exposed 
to  the  corrosive  media. 

The  corrosion  resistances  of  the  bent  T-AAO  and  O-T-AAO  samples  (named  B-T-AAO 
and  B-O-T-AAO,  respectively)  were  evaluated  by  potentiodynamic  polarization  measurements  in 
1M  HC1  solution.  The  results  of  the  potentiodynamic  polarization  measurement  and  the  corrosion 
current  densities  for  B-T-AAO  and  B-O-T-AAO,  compared  with  T-AAO  and  O-T-AAO,  as  well 
as  bare  Al,  are  shown  in  Figures  5d  and  5e,  respectively.  After  the  cracks  were  generated  on  the 
AAO  layers,  the  corrosion  current  densities  for  both  samples  (B-T-AAO  and  B-O-T-AAO)  were 
increased  compared  to  the  intact  AAO  layers  (T-AAO  and  O-T-AAO),  which  suggests  that  some 
portion  of  the  aluminum  surface  was  exposed  to  the  corrosive  media  due  to  the  cracks12,  2I. 
However,  it  should  be  noted  that  the  corrosion  current  density  of  the  B-O-T-AAO  surface  was 
increased  only  by  a  factor  of  4  (from  6.25  x  10'9  to  2.88  x  10"8  A  cm'2),  whereas  the  corrosion 
current  density  of  the  B-T-AAO  surface  increased  by  more  than  30  times  (from  2.21  x  10'8  to  6.68 
x  1 0 7  A  cm'2).  In  addition,  due  to  the  presence  of  cracks  in  AAO,  the  IE  value  of  T-AAO  decreases 
by  0.39  %,  while  the  decrease  is  much  less  (only  by  0.01  %)  for  O-T-AAO.  The  reason  for  such  a 
dramatic  difference  between  B-O-T-AAO  and  B-T-AAO  is  mainly  because  the  oil  impregnated  in 
the  B-O-T-AAO  can  flow  towards  the  damaged  region  and  cover  the  exposed  area  to  protect 


against  the  corrosive  media.  Moreover,  the  current  density  of  the  B-T-AAO  increased  more  rapidly 
in  the  anodic  potential  region  and  finally  was  comparably  close  to  that  of  Al,  showing  how 
vulnerable  the  T-AAO  surface  is  against  surface  damage.  Although  the  corrosion  current  density 
of  the  B-O-T-AAO  was  slightly  higher  than  that  of  T-AAO,  the  current  density  at  the  anodic 
potential  region  is  still  significantly  lower  (Figure  5d). 


Figure  5.  Crack  in  the  AAO  layer  and  the  evaluation  of  corrosion  tolerance  to  die  surface  damage,  (a) 
Cracks  are  generated  by  bending  a  sample  against  a  cylindrical  pipe  (diameter  2  cm),  (b)  SEM  image 
showing  the  bottom  aluminum  surface  exposed  due  to  the  crack  by  bending  of  a  sample  (T-AAO).  (c) 
SEM  images  of  cracks  generated  on  the  sample  (T-AAO)  by  the  bending  and  flattening,  (d) 
Potentiodynamic  polarization  measurement  results  of  the  damaged  samples  (B-T-AAO  and  B-O-T- 
AAO),  compared  to  the  original  samples  (T-AAO  and  O-T-AAO)  as  well  as  Al,  conducted  in  1  M  HC1 
solution,  (e)  Corrosion  current  density  obtained  from  the  potentiodynamic  polarization  data. 


To  visually  demonstrate  the  advantage  of  the  self-healing  property  for  anti-corrosion,  a 
highly  corrosive  liquid  (35  wt.  %  HC1  +  saturated  CUSO4)  was  placed  on  the  B-O-T-AAO  and  B- 
T-AAO  surfaces,  respectively,  which  contain  many  defects  and  cracks.  Appearances  of  the 
corrosive  liquid  droplet  on  the  surfaces  over  time  are  shown  in  Figure  6.  For  the  B-O-T-AAO 
surfaces,  O-T-AAOs  prepared  by  a  simple  dip  coating  as  wells  by  the  solvent  exchange  method 
for  the  oil  impregnation  were  tested  to  verify  the  significance  of  the  complete  impregnation  of  oil 
into  the  high-aspect-ratio  dead-end  nanopores  for  the  superior  self-healing  property.  Prior  to 
bending  the  O-T-AAOs  for  crack,  a  shear  flow  of  water  was  applied  for  5  min  on  both  surfaces. 


Figure  6.  (a-c)  Sequential  images  of  a  highly  corrosive  liquid  droplet  (35  wt.  %  HC1  +  saturated  CUSO4) 
sitting  on  the  surfaces  of  (a)  B-T-AAO,  (b)  B-O-T-AAO  prepared  with  a  simple  dip  coating  method, 
and  (c)  B-O-T-AAO  prepared  with  the  solvent  exchange  method;  (i)-(v)  sequential  images  and  (vi)  after 
60  seconds  when  the  corrosive  liquid  droplet  was  removed  by  dipping  in  water.  Prior  to  bending  for 
crack,  a  shear  flow  of  water  was  applied  on  the  O-T-AAOs  (both  b  and  c)  for  5  minutes.  The  scale  bar 
in  each  image  in  (a),  (b),  and  (c)  indicates  1  cm.  (d-f)  Close-up  SEM  images  of  the  corrosion  marks  (the 
circular  areas  marked  in  (a-vi),  (b-vi),  and  (c-vi))  on  the  B-T-AAO  and  B-O-T-AAO  surfaces. 
Sequential  images  of  a  water  droplet  on  (g)  B-O-T-AAO  and  (h)  its  surface  flattened  back. 


The  corrosive  liquid  droplet  on  the  B-T-AAO  surface  (Figure  6a)  rapidly  spread  out  due 
to  the  significant  evolution  of  gas  caused  by  the  dissolution  of  aluminum,  indicating  a  high 
corrosion  rate  of  the  B-T-AAO.  The  B-O-T-AAO  prepared  with  a  simple  dip  coating  method  for 
the  oil  impregnation  also  shows  the  significant  evolution  of  gas  with  enlarging  droplet  (Figure 
6b).  In  contrast,  the  corrosive  liquid  droplet  on  the  B-O-T-AAO  prepared  with  the  solvent 
exchange  method  (Figure  6c)  slowly  slid  along  the  surface,  and  there  was  no  gas  evolution  and 


noticeable  change  to  the  corrosive  liquid  droplet,  indicating  a  significantly  impeded  corrosion.  The 
corrosive  liquid  droplet  left  a  mark  of  corrosion  for  all  surfaces.  However,  the  mark  on  B-O-T- 
AAO  prepared  with  the  solvent  exchange  method  was  significantly  smaller  than  that  on  the  B-T- 
AAO  as  well  as  the  B-O-T-AAO  prepared  with  a  conventional  dip  coating  method. 
Micro  structures  of  the  surface  area  of  each  corrosion  mark  are  shown  for  B-T-AAO  and  B-O-T- 
AAOs  in  Figures  6d,  6e,  and  6f,  respectively.  In  case  of  the  B-T-AAO  (Figure  6d)  and  the  B-O- 
T-AAO  prepared  with  a  conventional  dip  coating  for  the  oil  impregnation  (Figure  6e),  most  of  the 
AAO  layer  has  been  removed  by  severe  corrosion,  thus  the  initial  cracks  in  the  AAO  were  not 
observable.  In  addition,  the  dissolved  aluminum  surface  without  an  AAO  layer  was  revealed  to  the 
outside.  In  contrast,  the  microstructures  of  the  B-O-T-AAO  layer  prepared  with  the  solvent 
exchange  method  for  the  oil  impregnation  were  not  significantly  damaged  by  the  corrosive  liquid 
droplet  so  that  any  aluminum  substrate  underneath  of  the  AAO  layer  was  not  revealed.  Only  the 
copper  residues  formed  by  the  displacement  reaction  with  dissolved  aluminum  were  found  on 
some  cracks  (Figure  6f),  indicating  that  the  corrosive  media  could  not  spread  along  the  cracks. 
The  results  indicate  that  O-T-AAO  realized  with  the  solvent  exchange  method  for  the  oil 
impregnation  has  an  exceptional  corrosion  tolerance  to  physical  damage  and  defects  on  the  surface 
in  such  a  way  that  the  oil  impregnated  in  the  pores  can  wick  into  the  cracked  region  and  fill  the 
cracks.  Hence,  the  oil  automatically  re-covers  the  exposed  metallic  aluminum  surface,  insulating 
aluminum  from  the  external  corrosive  environment.  Nonetheless,  the  superior  self-healing 
capability  of  the  oil-impregnated  Teflon-coated  AAO  (O-T-AAO)  enabled  by  the  solvent 
exchange  method,  which  allows  a  durable  and  robust  anti-corrosion  behavior,  is  the  most 
distinguished  property  compared  to  the  hydrophobic  AAO  (T-AAO).  Since  the  oil  covers  the 
damaged  areas  in  the  O-T-AAO  surface,  the  irregular  cracks  do  not  become  pinning  sites  for  a 
water  droplet  so  that  the  surface  still  slippery  (Figures  6g  and  6h). 


3.  CONCLUSIONS 

We  have  developed  a  solvent  exchange  method  that  allows  the  full  impregnation  of  oil  into 
high-aspect-ratio  dead-end  nanopores  of  an  anodic  aluminum  oxide  layer  fabricated  on  an 
aluminum  substrate.  The  synergetic  effect  of  a  hydrophobic  Teflon  coating  followed  by  the  oil 
impregnation  has  established  a  highly  robust  and  stable  non-wetting  surface  against  water  on  the 
AAO  layer.  The  fully  and  stably  entrained  oil  in  the  Teflon-coated  hydrophobic  nanopores  of  the 
AAO  layer  has  significantly  enhanced  the  corrosion  resistance  of  aluminum  by  inhibiting  the 
penetration  of  corrosive  aqueous  media  into  the  pores.  The  impregnated  liquid  oil  can  wick  into 
damaged  sites  such  as  cracks  in  the  AAO  layer,  further  preventing  the  exposure  of  aluminum 
surface  to  the  outer  environments  and  thus  corrosion.  Such  superior  corrosion  resistance  and 
damage  tolerance  for  corrosion  with  a  unique  self-healing  capability  of  the  oil-impregnated 
hydrophobic  nanoporous  AAO,  compared  to  the  only  air-entrained  hydrophobic  nanoporous  AAO, 
is  due  to  the  liquid  oil  having  effectively  impregnated  the  high-aspect-ratio  dead-end  nanopores 
using  the  newly  developed  solvent  exchange  method.  The  oil-impregnated  nanoporous  oxide 
surface  with  the  great  durability  in  retaining  the  liquid  oil  layer  within  the  surface  and  the  self- 
healing  capability  will  be  of  great  significance  not  only  in  the  corrosion  protection  for  metallic 
substrates  but  also  many  other  applications  such  as  anti-icing,  anti-biofouling,  and  self-cleaning, 
for  naval  systems. 
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